Purpose: To study the pattern of ocular aberrations in amblyopic children, and evaluate a possible relation to etiology and treatment outcomes of amblyopia. Methods: The WaveScan Wavefront System (AMO, Santa Ana, CA, USA) aberrometer was used to assess 75 eyes (60 children) after instillation of 1% cyclopentolate eyedrops. There were 29 males and 31 females with a mean age of 9.23 ± 2.55 years (range, 5-14 years). The study sample was subdivided into four groups; 16 emmetropic non-amblyopic eyes (control group); 24 pre-treatment newly diagnosed amblyopic eyes; 16 eyes of treated amblyopes and; 19 eyes with refractory amblyopia. Results: Amblyopes had statistically significant greater root mean square (RMS) values for whole eye aberrations, 2nd order aberrations, defocus (Z 0 2 ) and astigmatism (Z 2 2 ) compared to emmetropes (P < 0.0001). The refractory amblyopic group showed statistically significant differences in whole eye RMS, 2nd order-aberrations, defocus (Z 0 2 ) and astigmatism (Z 2 2 ) when compared to treated amblyopic groups (P < 0.0001). Apart from a statistically significant difference in 5th order RMS of pre-treated amblyopes versus the control group, no other significant differences were found in higher order aberrations (HOAs: coma, spherical, higherorder astigmatism, trefoil, or 3rd, 4th, 5th or 6th order terms) between emmetropes and any of the amblyopic groups. Conclusion: Lower order aberrations remain the major factor that affect retinal image quality and hence amblyopia development especially in ametropic eyes. This can be corrected optically. Studying HOA profile in amblyopic eyes failed to explain why refractory amblyopia does not respond to orthoptic treatments. This outcome indicates that theories of central problems in image processing and binocular interaction are likely the main cause of refractory amblyopia.
Introduction
Amblyopia is the most common cause of monocular visual impairment in children, with a prevalence of 1.6-3.6% that is higher in medically underserved populations. [1] [2] [3] [4] It has been related to unequal foveal stimulation at an early age due to form vision deprivation, strabismus or refractive error. 2, 5, 6 The deficit in amblyopia is thought to be cortical in nature, but abnormalities have also been found in the lateral geniculate bodies and in the retina. 1, [7] [8] [9] [10] [11] [12] [13] Amblyopia can be successfully treated in subjects up to 10 years of age. 5 However, even if visual acuity returns to normal after successful treatment, several studies have reported that the treated eye as well as the fellow eye behaves abnormally when evaluated for a variety of functions which include reduction in visual acuity, contrast sensitivity and position acuity. 1, [14] [15] [16] [17] [18] Visual acuity (VA) alone does not reflect the visual performance of the amblyopic eye. Studies have shown that VA testing using conventional optotypes is insensitive for detect-ing subtle defects in visual function. 19 The advent of new technology has introduced new tests for evaluating foveal function especially in amblyopic children. These include the subjective visual acuity tests such as TriVA-test and the rarebit fovea test (RFT). However, their dependence on the psychophysical interaction of the children with their short attention span limits their actual benefits. 19 Alternately, wavefront aberrometry is a relatively new diagnostic tool used globally to measure ocular aberrations and to study the objective visual performance of human eyes including amblyopic eyes. 20 Wavefront aberrations (ocular as well as optical aberrations) referred to the deviation of light, as it enters the eye compared to optically perfect eye, resulting in blurred images and decreased visual performance. 21, 22 Aberrations may be subdivided into low order aberrations, which can be corrected by sphero-cylindrical lenses, and higher order aberrations, which cannot. 23 In the present study we evaluate the ocular aberrations of amblyopic children and test for an association to amblyopia, to further understand the possible etiologies of amblyopia and explain possible outcomes of traditional amblyopia treatment. Photorefractive procedures have been used as a promising treatment of anisometropic amblyopes, 20, 24 ,25 yet aberration free custom ablation remains controversial as to whether they can control the remaining portion of refractory amblyopia.
Subjects and methods

Subjects
This prospective, single center, cross sectional study was conducted at ALHOKAMA eye specialist center in Riyadh city, Kingdom of Saudi Arabia, from February-May 2011. The study received the approval of the ethical and scientific committee of the institution and was performed in accordance to the tenets of the Declaration of Helsinki. Each of the participating patients and his/her parents underwent a thorough informed consent procedure that explained the study protocol, investigations and the observational nature of the study. All the parents were required to sign a written consent for participation in the study.
Sixty children (75 eyes) with a mean age of 9.23 ± 2.55 years (range, 5-14 years) were included in the study. They were 29 males and 31 females. The subjects are divided into two main groups; a control group (16 eyes), whose refractive error was between À0.50 and +0.50 DS, and an amblyopic group (59 eyes) which was further sub-divided into three sub-groups as described below: a. Pre-treated amblyopic group (24 eyes), of newly diagnosed amblyopic children whose best corrected visual acuity with Snellen E letter acuity chart was 6 0.7, and refractive error (RE) range was: sphere:+9.00 to À7.00 D, cylinder: À0.75 to À4.50 D. b. Treated amblyopic group (16 eyes), of children whose best corrected visual acuity was P0.9 after treatment for one year. The range of RE was; sphere:+7.00 to À10.00, cylinder: À0.75 to À3.00. c. Refractory amblyopic group (19 eyes), of children whose best corrected visual acuity was no better than 0.8 after full standard optical and orthoptic treatment for more than one year (average of 18 ± 3 months). The range of RE was; sphere:+8.00 to À9.00, cylinder: À0.50 to À4.00 (Table 1) .
Only children with strabismus and anisometropic amblyopia were included in this study. Those with deprivation amblyopia, history of corneal or lenticular surgery and associated syndromes were excluded.
Methodology
All children underwent a complete eye examination including the assessment of visual acuity (unaided and best corrected visual acuity using Snellen E letter acuity chart), ocular movements, slit-lamp examination, funduscopy and cycloplegic refraction following instillation of topical cyclopentolate 1%.
Higher-order aberrations (HOAs) were measured at 3 and 6 mm pupil diameters with the Wavescan System aberrometer (AMO, Santa Ana, CA, USA) based on the Hartmann-Shack principle. This aberrometer measures the monochromatic aberrations of the entire eye. Measurements were performed in a dark room after ciliary muscle paralysis by using cyclopentolate (1%) eye drops. The patient was asked to blink once just before the scan and focus on the fixation target. Scans were then performed and the measurements repeated three times for each eye, an average value was calculated for statistical analysis. Image quality, least central displacement and the root mean square (RMS) values were collected.
Statistical analysis
The data were analyzed using INSTAT (GraphPad Software Inc., La Jolla, CA, USA) and Excel (Microsoft Corp., Redmond, WA, USA) statistical software. Differences between groups were analyzed using the unpaired two tailed t-test and a one-way analysis of variance (ANOVA). A P value <0.05 was considered statistically significant.
Results
Comparison of the optical characteristics of the four groups is presented in Table 1 . Statistically significant differences were found in best corrected vision, spherical and cylindrical powers (P < 0.05).
Whole eye RMS, 2nd order aberrations, defocus and astigmatism were each statistically significantly different between the four groups (P < 0.05, all comparisons) (Tables 2 and 3 ).
Comparison of aberrations between individual groups
Each of the three amblyopic groups showed higher whole eye RMS values, 2nd order aberrations, defocus (Z 0 2 ) and astigmatism (Z 2 2 ) compared to the emmetropic (control) group, (P < 0.05 all comparisons) (Figs. 1, 3 and 5) . Fifth (5th) order aberrations was statistically different in the pretreated group only (P = 0.0116) (Fig. 2, Table 4 ). There were no statistical differences in HOAs between control and pretreated, treated and refractory amblyopes (Figs. 2, 4 and 6 ).
The aberration values of the refractory amblyopic group were higher than the treated amblyopic group only for whole eye RMS, defocus (Z 0 2 ), astigmatism (Z 2 2 ) and 2nd order aberrations (P < 0.05, all comparisons) (Figs. 7 and 8 ). There was a statistically significant difference in 2nd order aberrations between the refractory amblyopic group and the pre-treated amblyopic group (P < 0.05). There were no statistical differences between pre-treated and treated amblyopic groups (P > 0.05).
Discussion
Amblyopia is a reduction in corrected visual acuity in the absence of visible organic abnormalities resulting from strabismus, anisometropia, or form deprivation occurring early in visual development. 26 It is the most common cause of visual impairment in both children and middle-aged adults and it increases the risk of visual loss of at least 1.2%. 4 High degrees of refractive errors, when present in both eyes, may induce isometropic amblyopia or amblyopia secondary to strabismus. This applies to large differences in refractive error between the two eyes where it may induce anisometropic amblyopia. Likewise, due to their potential role in reducing retinal image quality, HOAs in amblyopic eyes may theoretically play a role in inducing amblyopia (Caitriona, 2008). 5 The management and treatment of amblyopia may be difficult especially in older children (>10 years), mainly due to compliance issues. It can be successfully treated in subjects up to 10 years of age (Wu & Hunter 2006) . 2 However, even if visual acuity returns to normal after successful treatment, several studies have reported that the treated eye as well as the fellow eye behaves abnormally when evaluated for a variety of functions (Simons 2005 , Pia Agervi, 2009). 1, 4 Wavefront aberrations comprise several different components termed lower and higher order aberrations. Lower-order aberrations are composed of defocus (myopia, hyperopia) and astigmatism, which may be corrected by sphero-cylindrical lenses and they are responsible for about 90% of the retinal image quality. The remaining 10% is a combination of the effects of the HOA such as 3rd, 4th, 5th, 6th and 7th orders. Each order is composed of several Zernike polynomials and is expressed as RMS values in micrometers (lm). 26, 27 Although HOAs make a small contribution to the total variance of the eye's wavefront aberrations, studies 21, 31 show the deleterious effect of HOAs on image quality and how correction of HOAs can improve visual performance.
In our study we compared ocular aberrations in emmetropic controls versus three amblyopic groups (pre-treated, treated and refractory amblyopes), the results showed that in amblyopic eyes, the whole RMS, defocus, astigmatism and 2nd order-aberrations were higher than the control group and the differences were statistically significant (P < 0.0001). These findings match well with Peng-fei 20 et al.'s study (2010) of wavefront aberrations in children with amblyopia. However our results are slightly different from Caitriona et al., in 2008, 27 who found that only the RMS of the total aberrations was higher among myopes as compared to hyperopes for amblyopic children (P = 0.005).
In our study, there were no statistically significant differences in HOAs (3rd, 4th and 6th order) between controls and the amblyopic groups. These findings concur with Caitriona et al. 28 who did not find a statistically significant difference of 3rd order-aberrations between normal and amblyopic children. In children with idiopathic amblyopia, Gaurav et al 7 found no statistically significant differences in HOAs between amblyopes and normal children.
The difference in fifth-order aberration in the current study was statistically significant only when pre-treated amblyopic group was compared to the control group (P = 0.0116). Peng-fei et al. 3 found that 5th order-aberration was higher in refractory amblyopes compared to controls, pre-treated amblyopes and treated amblyopes. However, Caitriona et al. 28 did not find a considerable difference of 5th orderaberration in their study. Caitriona et al. (2006) 28 found that variations in HOAs can occur even in normal children. They 28 reported that 4th order-aberrations were statistically significantly higher among myopes compared to hyperopes (P = 0.002), whereas differences in Z Zernike terms were not statistically significant. Treatment of amblyopia aims at initially correcting the obvious refractive error and optimizing the clarity of the retinal images. Traditional spectacles and contact lenses can correct lower order aberrations such as defocus and astigmatism, but fail to correct the HOA. As improving retinal image quality is a prerequisite to any treatment of amblyopia, residual aberrations can still produce retinal image blur even after ordinary optical correction (lower order correction). Difference in ocular aberrations can affect binocular summation, and visual performance. 30 This makes the treatment of amblyopia more difficult and may lead to the development of refractory amblyopia. Refractory amblyopia is defined as any amblyopia that cannot be corrected (VA < 0.8) after stringent patching and vision training; it usually occurs in children under 9 years of age. 20 Our study shows the whole eye RMS, defocus, astigmatism and 2nd order aberrations were higher in the refractory amblyopic group compared with treated amblyopic group and the differences were statistically significant. Peng-fei et al. 20 also found that the differences in vertical coma (Z
À1
3 ) and 5th order aberration values between the refractory amblyopic group and the treated amblyopic group were statistically significantly different (P < 0.05). They 20 suggested that the vertical coma (Z
3 ) and 5th order-aberrations may play a role in refractory amblyopia. In our study we found a statistically significant higher value of 5th order aberrations in pretreated amblyopes, however, there were no statistical significant differences in Z À1 3 and 5th order aberration in refractory or treated amblyopes.
Apart from the significantly higher values of 5th order aberrations in pretreated amblyopes, there were no significant differences in HOAs in amblyopic eyes, especially between refractory amblyopes, and emmetropic eyes. Our findings indicate that higher order aberrations may not play a role in the development of amblyopia in the presence of strabismus or anisometropia. Hence, it appears that HOAs do not explain why refractory amblyopia does not respond to orthoptic treatments. It seems that other abnormalities in binocular interactions (mostly at the cortical level) account for the poor improvement in the best corrected visual acuity of these eyes. This is supported by Levy et al., 29 who found that eyes with uncorrected visual acuity of 20/15 or better also had significant levels of HOAs.
In conclusion, lower order aberrations remain the major factor that affects retinal image quality and hence, development amblyopia, especially in the ametropes with amblyopia and this can be corrected optically. Investigating HOAs failed to explain the development of refractory amblyopia. This observation leads back to the theories of central problems in image processing and binocular interaction as the main cause of refractory amblyopia.
Further studies with larger sample sizes to further study the effect of HOAs in children with refractory amblyopia are required. Additionally greater discussion may be required regarding the role of refractive surgery in the treatment of refractory amblyopia.
